The three-dimensional porous graphene-mesoporous platinum nanoparticle (3D PGR-MPN) composite is used as solid contact for developing an all-solid-state polymeric membrane Cd 2+ ion-selective electrode (Cd 2+ -ISE). The 3D PGR with MPNs as cross-linking sites can be synthesized by a facile hydrothermal coassembly method. The obtained 3D PGR-MPN composite is promising for acting as solid contact due to its unique characteristics such as high interfacial area, superior double layer capacitance, excellent conductivity and high hydrophobicity. The ISE exhibits a stable Nernstian response in the range of 10 −8 -10 −4 M and the detection limit is 10 −8.8 M. The 3D PGR-MPN-based Cd 2+ -ISE shows good potential response and no water layer exists between the polymeric membrane and the 3D PGR-MPN layer. Additionally, the proposed Cd 2+ -ISE is robust to O 2 , CO 2 and light interferences. This work provides a versatile method for preparing an effective solid contact to develop a stable and reliable all-solid-state ISE.
Introduction
Ion-selective electrodes (ISEs) have been widely used to determine the activities of ions for environmental monitoring, medical diagnosis and industrial analysis [1] [2] [3] . However, due to the presence of the inner filling solution, the traditional liquid-contact ion-selective electrodes suffer from disadvantages of inconvenience for miniaturization, difficulty in production and fragility to external pressure [4] . In recent years, all-solid-state ion-selective electrodes (ASS-ISEs), which are fabricated with the solid electronic conductors instead of the inner filling solutions and the inner reference electrode, have attracted much attention [5] . ASS-ISEs show more durability and less maintenance, and are easier to miniaturize than the corresponding liquid-contact ion-selective electrodes. However, the direct contact between the underlying electronic conductor and the sensing membrane may induce an unstable boundary potential response, because the "blocked" interface is unfavorable for the ion and electron transfers [6] .
that graphene sheets are easily subject to the irreversible restacking and aggregation caused by the large -stacking interactions and van der Waals forces [26] , so that the surface area could be dramatically decreased and the pathway for the electron transport would be undesirably blocked.
Three-dimensional porous graphene (3D PGR) with interconnected networks has recently been developed, which not only possesses the inherent properties of the two-dimensional graphene, but also provides much more "space" for electron/ion, gas and liquid transportations or storages [27] . The 3D PGR materials were initially fabricated based on the graphene sheets themselves as the cross-linking sites [28] . However, the obtained pore sizes of the porous 3D structures are up to several micrometers, which may restrict the surface area of 3D PGR. In order to regulate the pore sizes, some nanomaterials have been introduced as cross-linking sites to 3D PGR [29, 30] . Moreover, based on the synergistic effects between 3D PGR and the attached nanomaterials, the obtained 3D PGR composites would improve their performances in energy storage and conversion [31, 32] , environmental remediation [33, 34] , and photocatalysis [35] . Recently, mesoporous platinum nanoparticles (MPNs) with highly branched dendritic nanostructures have been used for catalysis and chemical sensors [36, 37] because of their unique structural properties such as interconnected porosity, large interfacial area, and unique exposed atomic structures [38, 39] . However, to the best of our knowledge, the preparation of 3D PGR with MPNs as cross-linking sites have not been investigated, and the novel 3D PGR-MPN composite has also not been employed as solid contact for developing ASS-ISEs.
In this work, 3D PGR with MPNs as cross-linking sites has been synthesized by a hydrothermal co-assembly method, and the obtained composite can be employed as solid contact for fabricating an ASS-ISE. The electrochemical properties of 3D PGR-MPN composite have been characterized by electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV), and the potentiometric performance of the Cd 2+ -ISE with the 3D PGR-MPN composite as solid contact has been tested.
Material and methods

Reagents and materials
N,N,N ,N -tetrabutyl-3,6-dioxaoctanedi(thioamide) (cadmium ionophore I), sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), poly(vinyl chloride) (PVC), potassium tetrachloroplatinate(II) (K 2 PtCl 4 ) and 2-nitrophenyl octyl ether (o-NPOE), were purchased from Sigma-Aldrich. Graphene oxide (GO) (99.5% pure) and graphene (GR) were purchased from Nanjing JCNANO Technology Co., Ltd., Birj 58 (C 16 H 33 (OCH 2 CH 2 ) 20 OH) was obtained from Shanghai Aladdin Biological Technology Co., Ltd., tetrahydrofuran (THF), ascorbic acid (AA), Cd(NO 3 ) 2 and other materials with analytical-reagent grade were obtained from Sinopharm Chemical Reagent Co., Ltd. Deionized water was obtained from a Pall Cascada system.
Characterization
MPNs and 3D PGR-MPN composite were characterized by an S-4800 (Hitachi, Japan) scanning electron microscopy (SEM) and a Tecnai G2 F20 S-TWIN (FEI, USA) high-resolution transmission electron microscopy (HRTEM). The energy dispersive spectroscopy (EDS) images were obtained by an S-4800 SEM. X-ray powder diffraction (XRD) patterns were tested by a Smartlab-9 kW (Rigaku, Japan) diffractometer with Cu K␣ radiation. X-ray photoelectron spectroscopy (XPS) measurements were carried out with a KAlpha+ (Thermo, USA) spectrometer with Al K␣ radiation. A CX 31-32C02 microscope (Olympus, Japan) was used to measure the thicknesses of the 3D PGR-MPN composite and sensing membrane coated on the GC electrode. The water contact angle measurement was done by a JGW-360 B contact angle apparatus (Chengde, China).
Fabrication of the all-solid-state Cd 2+ -selective electrodes
MPNs and the 3D PGR-MPN composite were prepared as previously reported [29, 40] . The GC/PGR-MPN modified electrodes were prepared by drop-casting 10 L of 0.5 mg/mL PGR-MPN aqueous solution onto the surface of a glassy carbon (GC) electrode and drying it by an infrared lamp. The above procedures were repeated nine times. The sensing membrane components (totaling 250 mg), including cadmium ionophore I (1.00 wt%), NaTFPB (1.02 wt%), PVC (32.66 wt%) and o-NPOE (65.32 wt%), were dissolved in 2 mL THF. The all-solid-state Cd 2+ -ISEs (GC/PGR-MPN/Cd 2+ -ISEs) were fabricated by drop-casting 100 L of the membrane cocktail on the GC/PGR-MPN electrode. The thickness of the sensing membrane was approximately 150 m. After being dried for 6 h at room temperature, the electrodes were conditioned in 10 −3 M Cd(NO 3 ) 2 for 1 day and in 10 −9 M Cd(NO 3 ) 2 for 2 days. For comparison, the GC/Cd 2+ -ISEs were prepared by placing the above mentioned membrane on a bare GC electrode. The selectivity coefficients were measured by the separate solution method, and 1 mM NaCl was used as the conditioning solution. Before the water layer test, the GC/PGR-MPN/Cd 2+ -ISE and GC/Cd 2+ -ISE were conditioned in 10 −3 M Cd(NO 3 ) 2 for 24 h.
Potentiometric measurements
The potentiometric measurements were performed at room temperature in a magnetically stirred solution by using a digital ion analyzer (PXSJ-216, Shanghai Leici Instruments, China) with a double-junction Hg/Hg 2 Cl 2 (saturated KCl) reference electrode using 0.1 M LiOAc as salt bridge solution. The Henderson and twoparameter Debye-Hückel equations [41] were used to calculate the liquid junction potentials and the activity coefficients, respectively.
Electrochemical measurements
CV tests were done in 0.1 M KCl by using an electrochemical workstation (CHI 660C, Shanghai Chenhua, China) with a conventional three-electrode system consisting of a GC/PGR-MPN working electrode, an Ag/AgCl (3 M KCl) reference electrode, and a platinum wire counter electrode. The cycles were measured with a scan rate of 100 mVs −1 and a potential window of −0.5-0.5 V.
EIS measurements for the GC/PGR-MPN electrodes were performed in 0.1 M KCl with a frequency range of 0.3 Hz-10 kHz and an excitation amplitude of 10 mV. EIS measurements for the GC/Cd 2+ -ISEs and GC/PGR-MPN/Cd 2+ -ISEs were carried out in 10 −5 M Cd(NO 3 ) 2 with an excitation amplitude of 100 mV and a frequency range of 0.01 Hz-100 kHz. The three-electrode system was employed including the test electrode, a reference electrode of Ag/AgCl (3 M KCl), and a counter electrode of a Pt wire.
For the GC/PGR-MPN/Cd 2+ -ISE and GC/Cd 2+ -ISE, chronopotentiometric measurements were performed in 10 −5 M Cd(NO 3 ) 2 with the applied constant currents of ±1 nA for 60 s. It has been reported that the MPNs have a large surface area of 47 m 2 g −1 , indicating the porosity of the MPNs [40] . When the graphene sheets themselves are used as the cross-linking sites, the obtained 3D PGR shows partially overlapped and crumpled structures, and the pore dimensions of the frameworks can be several micrometers (Fig. 1b) . By additions of different amounts of MPNs ranging from 10 to 30 wt% (the ratio of the amount of MPNs to that of PGR), the 3D PGR-MPN composites with compact structures can be obtained (Fig. 1c-e) . The pore size of the porous 3D PGR-MPN composite can be reduced, demonstrating that the MPNs act as cross-linking sites to effectively regulate the pore dimensions. However, when the amount of MPNs is as high as 40 wt% (Fig. 1f) , the porous structure of the 3D PGR-MPN composite could be destroyed, indicating that the morphology characteristics of the 3D PGR is significantly influenced by the amount of the cross-linking sites. These phenomena are in accordance with those previously reported [29] .
Results and discussion
Characterization of the 3D PGR-MPN composite
With 30 wt% MPNs in the composite, TEM and HRTEM images were used to characterize the structure of the 3D PGR-MPN composite (Fig. 2) . The low magnification images indicate that the as-prepared MPNs are well-dispersed on the surfaces of graphene nanosheets (Fig. 2a-b) . The high magnification image reveals that the well-defined MPNs consist of plenty of interconnected nanoarms, which branch in various directions and create open porous interspaces (Fig. 2c) . The lattice spacing of the MPNs was measured to be 0.23 nm, which corresponds to the lattice plane (1 1 1) of the face-centered cubic (fcc) structure. Fig. 2d shows the XRD pattern of the 3D PGR-MPN composite. The broad peak near 24.6 • matches well with the C (0 0 2) facet of graphene, demonstrating that GO was reduced to rGO. Typical diffraction peaks of MPNs (1 1 1), (2 0 0), (2 2 0), (2 2 2) and (3 1 1) can be clearly found in the spectrum of the composite, which also prove that the MPNs exhibit the typical fcc crystal structure. In addition, the Pt peaks are observed in the EDS patterns, further demonstrating the existence of MPNs in the composite (Fig. S1a) . The photograph of the 3D PGR-MPNs composite prepared by the hydrothermal co-assembly method and treated with freeze drying is also shown (Fig. S1b) . Fig. 3 shows the XPS survey spectrum of the 3D PGR-MPN composite. As shown in Fig. 3a, the peaks at 72.3, 285.1 (Fig. 3b) . The intensities of C O, C O and O C O are largely decreased as compared to those of GO [31] , which indicates an efficient deoxygenation of GO through the hydrothermal reaction. Furthermore, the XPS spectrum of the Pt 4f consists of two peaks assigned at 74.6 and 71.3 eV, which can be attributed to Pt 4f 5/2 and 4f 7/2, respectively (Fig. 3c) . The peaks of Pt 4f 5/2 and 4f 7/2 indicate that MPNs are in zero valence, which is in accordance with the previous reports [42] . Since the wetting property of the porous structures may affect their interfacial behaviors [30] , the water contact angle of the PGR-MPN composite was measured (Fig.  S2 ). As shown in Fig. S2 , the PGR-MPN composite film has a contact angle of 110 • , indicating the high hydrophobicity of the proposed material.
Electrochemical characterization of the 3D PGR-MPN composite modified electrodes
The electrochemical performances of the bare GC and GR, PGR and PGR-MPN modified GC electrodes were investigated by CV. Fig. 4a shows that the capacitive current of the bare GC electrode is negligible, and the GC/GR electrode shows a much lower capacitive current than the GC/PGR electrode, indicating that the 3D PGR has a higher double layer capacitance than that of the 2D GR. Additionally, the electrochemical performances of the 3D PGR with/without MNPs as cross-linking sites were also compared. As shown in Fig. 4b , all of the cyclic voltammograms show quasi-rectangular shapes, indicating the predominant capacitive behavior. It's also found that the capacitive currents of the GC/PGR-MPN are higher than that of the GC/PGR, which may be due to that the presence of the MPNs can offer more cross-linking sites and effectively reduce the pore size of the porous structure. Moreover, the capacitive currents of GC/PGR-MPN electrodes increase with increasing of the amount of MNPs. However, when the ratio of the amount of MPNs to that of PGR is increased to 40 wt%, the capacitive current of the GC/PGR-MPN electrode could be decreased, which may be due to the fact that the porous structure of the PGR-MPN composite might be destroyed. This observation agrees well with the result obtained by the SEM image (Fig. 1f) [43] . Therefore, the GC/PGR-MPN electrode with 30 wt% MPNs as cross-linking sites was chosen for the present work.
The thickness of the solid contact plays a key role during the transduction process, since the double layer capacitance could be significantly influenced by the layer thickness [22] . Thus, the influence of the thickness of the PGR-MPN composite layer on the GC electrode was estimated by cyclic voltammetry. As shown in Fig. 4c , the capacitive currents of the GC/PGR-MPN electrode increase with increasing the thickness of the PGR-MPN composite. However, when the thickness of the PGR-MPN composite is increased to 12 m, the solid contact could become easy to be peeled off from the GC electrode. Therefore, the thickness of 9 m was selected for preparing the PGR-MPN composite layer as solid contact. Fig. 5 exhibits the impedance spectra of the GC/PGR-MPN electrodes. It can be seen that all of the impedance spectra show capacitive lines with approximate 90 • , and no high-frequency semicircles are observed, which indicate that there are fast charge transfers at the GC/PGR-MPN and the PGR-MPN/solution interfaces. According to the equation C = −1/(2fZ )), where f is the lowest frequency in the impedance spectrum, and Z refers to the imaginary part of the impedance, the double layer capacitance of the GC/PGR-30%MPN electrode is estimated to be 1.4 ± 0.3 mF, which is higher than those of other electrodes. These results are in accordance with those by cyclic voltammetry (Fig. 4b) . The large capacitance of GC/PGR-30% MPN electrode is attributed to the porous structure of the PGR-MPN composite.
Potentiometric performance of the PGR-MPN composite-based all-solid-state ISEs
The potentiometric responses of the GC/PGR-MPN/Cd 2+ -ISE to 10 −10 -10 −3 M Cd(NO 3 ) 2 were tested. Fig. 6 shows the timedependent potential response curve of the GC/PGR-MPN/Cd 2+ -ISE. As can be seen, the developed Cd 2+ -ISE shows a stable potential response and the response time is about 10 s. The electrode shows a Nernstian response with a slope of 29.6 ± 0.4 mV/decade (n = 5, R 2 = 0.9984) in the range from 10 −8 to 10 −4 M. The detection limit calculated as the intersection of the two slope lines is 10 −8.8 M. In addition, in order to investigate the electrode to electrode reproducibility, E • values of the proposed electrodes were obtained by extrapolation of the linear section of the potential response to the Cd 2+ activity of 1.0 M. The standard deviation of E • of the GC/PGR-MPN/Cd 2+ -ISEs was estimated to be 2.5 mV (n = 3).
The selectivity coefficients of the GC/PGR-MPN/Cd 2+ -ISE and GC/Cd 2+ -ISE were examined by the separated solution method [44] . As shown in Fig. 7 , similar selectivity coefficients are obtained for the GC/PGR-MPN/Cd 2+ -ISE and GC/Cd 2+ -ISE, indicating that the selectivity of the proposed ASS-Cd 2+ -ISE is not affected by the solid contact, but is dependent on the sensing membrane itself. These phenomena agree well with those from the reported literatures [45, 46] .
Potential stability
The short-term potential stability of the PGR-MPN-based Cd 2+ -ISE was evaluated by current-reversal chronopotentiometry (Fig. 8) . The typical chronopotentiograms for both the GC/PGR-MPN/Cd 2+ -ISE and GC/Cd 2+ -ISE were obtained when the currents of ±1 nA were applied on the working electrodes for 60 s, respec- tively. The potential drift of the GC/PGR-MPN/Cd 2+ -ISE obtained from the slope ( E/ t) of the curve is 1.6 V s −1 . This value is much lower than that obtained from the GC/Cd 2+ -ISE (522 V s −1 ), which indicates that the potential stability of the electrode is remarkably enhanced by applying the PGR-MPN composite as the solid contact. Additionally, according to the equation E/ t = I/C [47] , the low-frequency capacitance for the GC/PGR-MPN/Cd 2+ -ISE was estimated to be 625 F. The capacitance value is lower compared with that of the GC/PGR-MPN electrode (1.4 mF), which may be due to the presence of the sensing membrane on the PGR-MPN composite based solid contact. Moreover, the capacitance per area of the GC/PGR-MPN/Cd 2+ -ISE was calculated as 89 F/m 2 . This value is better than those obtained for single-walled carbon nanotubes (9 F/m 2 ) [13] , graphene (12 F/m 2 ) [14] and carbon black with platinum nanoparticles (31 F/m 2 ) [48] based ASS-ISEs, which may be due to the compact porous structure of the PGR-MPN composite.
The long-term stability of the GC/PGR-MPN/Cd 2+ -ISE electrode was also investigated by monitoring potential responses of the same electrode to Cd 2+ on different days during a period of 15 days (Fig. 9) . Before measurements, the GC/PGR-MPN/Cd 2+ -ISE electrode was conditioned in 10 −9 M Cd(NO 3 ) 2 . As shown in Fig. 9 , no obvious changes in the detection limit and the slope of the proposed electrode are observed after continuous measurements for 15 days, indicating that the GC/PGR-MPN/Cd 2+ -ISE shows a good long-term potential stability. Furthermore, the change in absolute potential was also studied, and the standard deviation of E • of the electrode during 15 days was found to be 1.6 mV (n = 3).
Impedance of the all-solid-state Cd 2+ -ISEs
The impedance spectra of the GC/PGR-MPN/Cd 2+ -ISE and GC/Cd 2+ -ISE measured in 10 −5 M Cd(NO 3 ) 2 with a frequency range from 10 5 to 0.01 Hz is shown in Fig. 10 . It can be seen that either electrode exhibits a high-frequency semicircle, which is related to both the polymeric membrane resistance and the contact resistance at the interface between the ion-selective membrane and the GC or solid contact [49] . The high-frequency resistance for the GC/PGR-MPN/Cd 2+ -ISE was measured as 0.17 ± 0.04 M , which is lower than that for the GC/Cd 2+ -ISE (0.25 ± 0.05 M ). The results demonstrate that the presence of the PGR-MPN composite can decrease the charge-transfer resistance between the sensing membrane and the GC electrode [50] . Additionally, it is found that the GC/PGR-MPN/Cd 2+ -ISE exhibits a negligible low-frequency semicircle as compared to the GC/Cd 2+ -ISE, which has a large low-frequency semicircle. The reason may be due to that the presence of the PGR-MPN composite based solid contact changes the interfacial conduction between the sensing membrane and the GC electrode and subsequently increases the double layer capacitance of the electrode.
Effects of O 2 , CO 2 and light
The effects of O 2 and CO 2 on the potential response of the PGR-MPN composite modified Cd 2+ -ISE were investigated. The potential responses of the GC/PGR-MPN/Cd 2+ -ISE electrode in 10 −5 M Cd(NO 3 ) 2 were recorded when bubbling O 2 or CO 2 for 0.5 h and then purging N 2 for 0.5 h to remove O 2 or CO 2 (Fig. 11) . The proposed Cd 2+ -ISE is robust to the interferences from O 2 and CO 2 and there are no obvious potential drifts during the measurements. The results are consistent with those of other carbon nanomaterialbased ASS-ISEs [12, 16, 25, 51] . In addition, the influence of light on the potential stability was also measured by immersing the proposed GC/PGR-MPN/Cd 2+ -ISE in 10 −5 M Cd(NO 3 ) 2 while turning on and off the ambient light. As illustrated in Fig. 11 , no obvious potential drifts are observed, demonstrating that the PGR-MPN composite based solid contact has no light sensitivity. This result confirms that the PGR-MPN composite as the solid contact is superior to CPs, which is very sensitive to light [52] .
Water layer test
The existence of a water film between the sensing membrane and the solid contact could cause the potential instability for an ASS-ISE. The water layer test was done based on the procedures proposed by Fibbioli et al. [53] . The potential responses of the GC/Cd 2+ -ISE and GC/PGR-MPN/Cd 2+ -ISE were sequentially measured in 10 −5 M Cd(NO 3 ) 2 for 1.5 h, 0.1 M NaCl for 3 h and then back to 10 −5 M Cd(NO 3 ) 2 for 9 h. Fig. 12 shows that compared to the GC/Cd 2+ -ISE, the GC/PGR-MPN/Cd 2+ -ISE shows a much more stable response, and there are no significant positive or negative potential drifts when changing the electrode from Cd(NO 3 ) 2 to NaCl, and again to Cd(NO 3 ) 2 . These results indicate that no water layer is present between the polymeric membrane and the PGR-MPN composite based solid contact, which may be due to the high hydrophobicity of the PGR-MPN.
Conclusions
In this work, the 3D PGR with MPNs as new cross-linking sites has been successfully synthesized and applied as an effective solid contact for developing an all-solid-state polymeric membrane Cd 2+ -ISE. Due to the unique characteristics such as high interfacial area, superior double layer capacitance, excellent conductivity and high hydrophobicity, the ISE exhibits a stable Nernstian response in the range of 10 −8 -10 −4 M and the detection limit is 10 −8.8 M. The proposed electrode also exhibits a good long-term stability and is robust to O 2 , CO 2 and light interferences. Additionally, due to the hydrophobic characteristics of PGR-MPN composite, the undesirable water layer between the polymeric membrane and the underlying 3D PGR-MPN layer is not observed. This work provides a versatile method for preparing an effective solid contact to develop a stable and reliable all-solid-state ISE.
